Hepsin is a type II transmembrane serine protease that is expressed in several human tissues. Overexpression of hepsin has been found to correlate with tumour progression and metastasis, which is so far best studied for prostate cancer, where more than 90 % of such tumours show this characteristic. To enable improved future patient treatment, we have developed a monoclonal humanized antibody that selectively inhibits human hepsin and does not inhibit other related proteases. We found that our antibody, hH35, potently inhibits hepsin enzymatic activity at nanomolar concentrations. Kinetic characterization revealed non-linear, slow, tight-binding inhibition. This correlates with the crystal structure we obtained for the human hepsin-hH35 antibody Fab fragment complex, which showed that the antibody binds hepsin around α3-helix, located far from the active centre. The unique allosteric mode of inhibition of hH35 is distinct from the recently described HGFA (hepatocyte growth factor activator) allosteric antibody inhibition. We further explain how a small change in the antibody design induces dramatic structural rearrangements in the hepsin antigen upon binding, leading to complete enzyme inactivation.
INTRODUCTION
Hepsin belongs to the type II transmembrane serine protease family, and is expressed in several human tissues, such as liver, kidney, prostate and thyroid [1] . Like other type II transmembrane serine proteases, it exhibits a short N-terminal cytoplasmic domain, a membrane-spanning region and a large C-terminal extracellular part, which comprises an SRCR (scavenger receptor cysteine-rich) domain and the serine protease domain [2] [3] [4] . Similarly to matriptase, hepsin is synthesized as a zymogen and undergoes autocatalytic activation through cleavage at Arg 162 [5] . The SRCR domain is tethered to the protease domain by noncovalent interactions and by an interdomain disulfide bond, as shown by structural analysis using X-ray crystallography [4, 6, 7] .
A number of physiological roles have been described for hepsin, which probably correlate with its substrate selectivity. In vitro, the highest amidolytic activities were found to be associated with the precursors of hepsin itself, HGF (hepatocyte growth factor), the coagulation Factors VII, IX, X and XII [6] , urokinase [8] and Ln-332 (laminin-332) [9] .
Hepsin gained scientific and therapeutic interest predominantly through its role in cancer progression and metastasis. Several studies found hepsin to be highly overexpressed in prostate [10] [11] [12] [13] [14] [15] [16] and ovarian [17, 18] cancers, as well as in renal cell carcinomas [19, 20] . As hepsin expression correlates well with prostate cancer progression, it was proposed as a diagnostic marker and target for prostate cancer therapy (for a review see [1] ). Indeed, two pivotal studies validate hepsin as a highly relevant target for prostate cancer therapy. First, in a mouse model for non-metastasizing prostate cancer, overexpression of hepsin led to primary tumour progression and metastases [21] . Secondly, using a HGFA (HGF activator)-I-derived Kunitz domain-1 domain as a model inhibitor, Li et al. [22] elegantly demonstrated that hepsin directly promotes invasive tumour growth and metastases. Although the molecular mechanisms are not yet fully understood, an association with basement membrane disruption and cell motility [21] seems to emerge. It was found that hepsin activates pro-urokinase, which then degrades basement membranes and extracellular matrix components either directly or by promoting the plasminogen/plasmin pathway, thus leading to metalloprotease activation [8] . In addition, hepsin transgenic mice displayed reduced Ln-332 expression in prostate tumours, which was in turn shown to be a direct substrate of hepsin [9] .
Traditionally, small molecule inhibitors for serine proteases have a long-standing history, and such inhibitors have also been described for hepsin [4, 6, 7] . However, owing to the structural conservation of the active site among serine proteases [23, 24] , therapeutic use is limited. On the other hand, the potential of antibodies to inhibit enzymes was demonstrated very early on [25] , and, more recently, has specifically been demonstrated using monoclonal antibodies against human hepsin [26] . In addition to specific active-site inhibition, allosteric inhibition may lead to even greater specificity [27] . However, very few studies have been performed in which this mode-of-action is studied thoroughly for antibodies. One of these rare studies describes the allosteric inhibition of DHFR (dihydrofolate reductase) [28] , another one concerns the inhibition of the trypsin-like serine protease HGFA [29] .
In the present paper we describe the generation of a highly potent antibody directed against human hepsin. Both kinetic properties and intramolecular rearrangements of the antibodyhepsin complex reveal a (novel) mode of allosteric inhibition, which explains the high affinity and specificity of antibody hH35 (humanized hepsin antibody). Using X-ray crystallography, we studied binding of the hH35 Fab fragment to human hepsin at atomic resolution, which allows us to describe mechanistic details for hepsin inhibition. The highly efficient and selective inhibition properties of our human hepsin-hH35 antibody suggest that it may represent a valuable candidate for effective prostate cancer therapy.
EXPERIMENTAL Preparation of hepsin
Human hepsin (Invitrogen, catalogue number M18930) comprising amino acid residues 45-417 was cloned into a pTT5 mammalian cell expression vector (NRC number 11266). The final construct contained an in-frame N-terminal signal sequence [derived from the human IL (interleukin)-12 p40 subunit] for secretion, followed by a six-amino-acid epitope tag ('EE-tag', EFMPME) for purification. 5 -and 3 -cloning sites added ASAA and AGSA sequences to either side of the insert.
For transient expression, 6 litres of freshly seeded FS293 (FreeStyle 293) cells (1×10 6 cells/ml, Invitrogen) were transfected at 37
• C using a hepsin plasmid DNA-PEI (polyethylenimine) complex. Approximately 4 h later, 20 % peptone was added to a final concentration of 0.5 %, and the culture was incubated for 3 days at 37
• C with agitation. The supernatant was harvested and protease inhibitor cocktail tablets ( − EDTA) were added.
Then 3 litres of FS293 cell supernatant containing expressed recombinant EE-tagged human hepsin were sterile-filtered and loaded on to a 50 ml anti-EE antibody-Protein G Sepharose column (prepared as described in [30] ) equilibrated in TBS/0.1 mM EDTA at a flow rate of 1.75 ml/min. The column was washed with TBS/0.1 mM EDTA and eluted with TBS/0.1 mM EDTA containing 100 μg/ml EE peptide. The eluant containing the hepsin zymogen was subjected to sequential concentration (100-fold) and dilution with TBS/0.1 mM EDTA, which led to proteolytic autoactivation of the hepsin zymogen to the active enzyme.
Cynomolgus and mouse hepsin were cloned, expressed and purified in a similar manner.
Generation of antibodies against hepsin
Balb/c mice were immunized with the recombinant enzymatically active extracellular domain of the hepsin protein every 4 weeks three times followed by an i.v. (intravenous) boost on day 4 before fusion. Serum test bleeds were taken and the half-maximal serum titre was determined using hepsin protein-coated ELISA microtitre plates. Mice with a half-maximal titre of 1:12 800 were selected for the i.v. boost. At 3 days following the i.v. boost, splenocytes were harvested and fused with Ag8 myeloma cells. All animal experiments were carried out according to national and European guidelines and were approved by the local authorities. Screening for hepsin-specific antibodies was started by identifying antibodies binding to hepsin coated on to microtitre plates. Positive clones binding to immobilized hepsin were then cultivated in serum-free medium (Hyclone ADCF-mAb, Thermo Scientific, catalogue number SH30349.02) for assessing the inhibitory potential, thus avoiding unspecific inhibition by serumderived components.
Expression of hepsin antibodies in mammalian cells
chH35 (chimaeric hepsin antibody) was transiently expressed in HEK (human embryonic kidney)-293 cells by transfection of the light-and heavy-chain plasmids via lipofection. Supernatant was collected 7 days after transfection and purified using Protein A.
hH35 was stably expressed in CHO (Chinese-hamster ovary) cells. Humanized light-and heavy-chain constructs were cloned into a mammalian expression vector containing glutamine synthetase as a selection marker. Transfected cells were selected with MSX (methionine sulfoximine) for stable expression of the antibody construct. Cells were screened for antibody expression in the supernatant and cloned as single cells by limited dilution. The final clone was expressed by a fed-batch shake flask culture, and the purified product was analysed to confirm mass identity. Large amounts of antibody were produced by a 20 litre fed-batch fermentation.
Humanization and determination of hepsin antibody affinity
The murine hepsin antibody (termed mH35) was humanized [31] using the CDR (complementarity determining region) grafting method, i.e. by keeping the six loops that recognize the antigen intact and exchanging the murine framework for a human one [32] . The CDRs were identified according to the Kabat nomenclature (http://www.kabatdatabase.com/index.html), whereas several frameworks for both heavy and light chains were chosen from the human germline IMGT database [34] . To decide whether back mutations (maintaining murine antibody conformation) in the framework were required or whether forward mutations (to adapt to the human germline) could be applied in the CDRs, we have created a homology three-dimensional model of the mH35 variable regions. International and US patent applications have been submitted [35] .
SPR (surface plasmon resonance) analysis
For SPR analyses, approximately 1600 RU (response units) of Protein A and 700 RU of Protein G (10 μg/ml each) in 10 mM sodium acetate (pH 4.5) were immobilized on a CM5 sensor chip using the standard EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide]/NHS (N-hydroxysuccinimide) amine coupling procedure (GE Healthcare T100). Approximately 360 RU were captured from each of the following antibodies: mH35 (on Protein G), chH35 (on Protein A) and hH35 (on Protein A).
For affinity measurements, hepsin was injected at seven different concentrations ranging from 0 to 200 nM. Measurements were performed at 37
• C and at a flow rate of 5 μl/min for 10 min. Dissociation was measured for 15 min. Each hepsin injection was followed by a pulse (30 s, 30 μl/min) of 0.85 % H 3 PO 4 for regeneration. The 10 nM curves were measured in quadruplicate (hH35 and chH35) or triplicate (mH35). Data were evaluated using Biacore T100 evaluation software 2.0.3 and a 1:1 Langmuir model for fittings.
Native epitope binding of hH35
HEK-293 cells were transfected using a construct encoding fulllength hepsin with an N-terminal GFP (green fluorescent protein) to generate stable HEK-HPN-GFP cell lines (in this cell line hepsin is represented by HPN). Stable cells were selected with 3 μg/ml Geneticin (G418, Roche Applied Science, catalogue number 04727894001).
Clones were analysed by flow cytometry for hepsin expression using the intrinsic GFP fluorescence. Cell-surface binding of hH35 was determined by incubating the cells with 0.50-50.0 μg/ml hH35 or an IgG isotype control for 45 min on ice. The cells were washed twice with PBS before incubation with Alexa Fluor ® 647-conjugated goat anti-human IgG (Invitrogen), diluted 1:300 in PBS containing 1 % (v/v) FBS (fetal bovine serum). After 30 min on ice, the cells were washed with PBS, and cell pellets were resuspended and antibody binding was measured on a FACS Canto (BD Biosciences).
For immunocytochemistry analysis, HEK-HPN-GFP cells were plated on to glass coverslips and grown overnight. Cells were then incubated with 5 μg/ml hH35 for 30 min on ice, washed with PBS, fixed with 4 % paraformaldehyde and counterstained with Cy3 (indocarbocyanine)-conjugated goat anti-human IgG (Jackson ImmunoResearch Laboratories). Confocal microscopy images were taken on a Leica TCS SP2/MP confocal laser-scanning microscope [at 100×/1.46 NA (numerical aperture)]. Selective spectral detector emission band passes for each dye were used in sequential scanning mode.
Enzymatic assays
Purified hepsin was diluted to 1 nM in assay buffer [50 mM Tris/HCl (pH 7.4), 100 mM NaCl, 0.1 mg/ml BSA and 0.02 % Tween 20]. The acetyl-KQLR-AMC peptide (AMC is 7-amino-4-methylcoumarin) was synthesized with >95 % purity as determined by HPLC and MS analysis [6] .
For measuring amidolytic activities, hepsin and other proteases were transferred to a 384-well flat-bottomed plate (Optiplate, PerkinElmer). The acetyl-KQLR-AMC peptide (5 μM) was added and the enzyme reaction started. Assays contained less than 5 % DMSO in a final test volume of 30 μl. The fluorescence increase was monitored with excitation at 530 nm and emission at 572 nm on an Envision Reader at 26
• C. For determination of the apparent K m value and inhibition model, hydrolysis rates of at least six different concentrations of peptide were measured in triplicate. Rates of hydrolysis and apparent K m values were calculated using XLFit ® software (IDBS).
Progress curves of the steady-state reactions were analysed by adding 0.5 nM hepsin to a mixture of 10 μM acetyl-KQLR-AMC peptide and 18-500 nM hH35. Fluorescence was measured on a Cary Eclipse Fluorescence Spectrophotometer for 2 min at 26
• C. Monitoring of the enzyme reaction started after a delay of approximately 2 s. Rates for initial and steady-state reactions were calculated using linear regression analysis (XLFit ® software, IDBS).
The release of AMC by other serine proteases was tested under the same buffer conditions as described for hepsin. The apparent K m values for recombinant HAT (human airway trypsinlike protease), human matriptase and bovine enteropeptidase with the acetyl-KQLR-AMC peptide were calculated as described for hepsin. Recombinant HAT, human matriptase/ST14 catalytic domain and bovine enteropeptidase were obtained from R&D Systems. Trypsin (from porcine pancreas) was purchased from Merck (E.C. 3.4.21.4, Merck catalogue number 1.24590.0500).
For evaluation of the inhibition mechanism, various concentrations of hH35 (20-0.31 nM in 2-fold dilutions in triplicate) were incubated with 1 nM hepsin for 15 min. The linear rates of fluorescence increase were measured after simultaneously adding 20, 10, 5 and 2.5 μM acetyl-KQLR-AMC peptide. Data were fitted to the equations for tight binding inhibition using SigmaPlot ® enzyme kinetic module software (Version 8.02, Systat).
Hepsin inhibition by antibodies
For determination of inhibitory activities, hepsin (1 nM) and dilutions of antibodies were transferred to a 384-well flatbottomed plate (Optiplate, PerkinElmer) and incubated for 30 min at 26
• C. Peptide (5 μM) was added and the enzyme reaction started. After 40 min incubation at 26
• C, the fluorescence increase was measured with excitation at 530 nm and emission at 572 nm on an Envision reader (PerkinElmer).
The percentage inhibition of hepsin activity was calculated according to the following formula:
where F s is the fluorescence signal of the sample including the antibody, F b is the fluorescence signal in the absence of hepsin and antibody and F t is the fluorescence signal in the presence of hepsin with no antibody. The concentration of inhibitor resulting in 50 % inhibition (IC 50 ) of the uninhibited enzyme was calculated after fitting the data to a four-parameter equation using XLFit ® software (IDBS). At least three independent measurements were performed in triplicate.
FRET (fluorescence resonance energy transfer) activity assay
The specificity of hH35 antibody across species was tested using a FRET activity assay with JA133-Z-Gln-Arg-Arg-Z-Lys-(TAMRA TM )-NH 2 (synthesized and purified as described above) as the cleavable peptide. Purified human, rat or cynomolgus hepsin was diluted in assay buffer (see above) to a concentration of 10 nM. Peptide substrate was diluted in assay buffer to 300 nM and antibody hH35 to 0.293 nM. Then 10 μl of diluted hepsin and antibody solutions were each added into 384-well microtitre plates and incubated at room temperature (20 • C) for 30 min. Peptide substrate (10 μl/well) was added to each well, mixed and incubated at room temperature for 60 min. Signals were quantified by reading fluorescence (excitation at 530 nm and emission at 572 nm) on a Victor 2 reader (PerkinElmer). The percent inhibition of hepsin activity was calculated as described above.
Preparation of hH35, hH35 Fab fragment and the hepsin-hH35 complex
Harvested cell culture supernatant was sterile-filtered through a 0.2 μm-pore-size membrane (Millipore) prior to purification. The hH35 mAb (monoclonal antibody) was captured on a MabSelect SuRe resin (GE Healthcare), washed with 1×PBS and eluted with 20 mM sodium citrate at pH 3.0. The hH35 mAb was further purified by size-exclusion chromatography using a Superdex 200 26/60 GL (Amersham Bioscience) column equilibrated with 20 mM histidine and 140 mM NaCl (pH 6.0).
hH35 mAb was cleaved with papain at 37 • C. The cleavage was stopped by iodacetamide addition and the Fab fragment was purified by separation of the Fc fragment on a 1 ml MabSelect SuRe column (GE Healthcare). The human hepsin-hH35-Fab complex (hHepsin-hH35) was formed by mixing a 1:1.3 molar ratio and 30 min incubation at 20
• C. The complex was concentrated slowly in an Amicon centrifugal filter unit (Millipore) and the buffer exchanged to 1×TBS [50 mM Tris/HCl (pH 7.4) and 150 mM NaCl]. Complex assembly was analysed by size-exclusion chromatography (Superose 12 column, GE Healthcare) and by SDS/PAGE.
X-ray structure determination
Crystals of the hHepsin-hH35 complex, concentrated to 8 mg/ml, were grown at 20
• C in hanging drops over reservoirs containing 18 % PEG [poly(ethylene glycol)] 3350, 0.15 M MgSO 4 and 0.01 M barium chloride. Crystals were harvested by gradually adding glycerol to a final concentration of 14 % (v/v) and flashcooling in liquid nitrogen. Diffraction data was collected in 0.25
• increments and at 100 K on a PILATUS 6M detector at the Swiss Light Source SLS, Villigen, Switzerland. Data of a macroscopically twinned plate-crystal was processed using XDS and XSCALE [36] . The two major lattices of the crystals were indexed and integrated separately, and then scaled together. The hepsin substructure was determined by molecular replacement using PHASER [37] with the structure PDB 1Z8G [6] as an initial search model. HHpred [38] identified the PDB 1PKQ structure as a suitable search model for the Fab fragment, which was then used in PHASER split into individual constant and variable domains to solve the complete complex structure. The resulting electron-density map allowed for model correction and building in COOT [39] . The structure was refined with autoBUSTER [40] using NCS (non-crystallographic symmetry) restraints and TLS parameterization and has been deposited in the Protein Data Bank (PDB code 3T2N). Molecular graphics Figures were prepared using CHIMERA [41] .
RESULTS

Generation of mouse anti-hepsin antibodies
Following mouse immunization using the enzymatically active form of human hepsin, hybridoma technology was applied in order to generate mouse anti-hepsin mAbs. By using ELISA to screen murine hybridoma supernatants on immobilized human hepsin antigen, we discovered a number of clones that exhibited strong inhibition. Clone number 35 was selected since it showed the strongest inhibition.
Humanization of mouse anti-hepsin antibody led to increased affinity
The amino acid sequences of light-and heavy-chain complementary regions were grafted from the mouse mH35 antibody on to light and heavy human antibody frameworks, resulting in hH35 mAb ( Figure 1A ). Assuming three frameworks with a couple of back and forward mutations for each chain, a matrix comprising approximately 15 V H and 20 V L variants was built by combining the V H -and V L -harbouring plasmids. This approach led to the screening of more than 300 humanized candidates.
With regard to the heavy chain, one candidate was obtained by applying CDR grafting without back or forward mutation. To avoid potential glycosylation, Asn 56 was mutated to serine. The hH35 V H is based on the IMGT germline hVH7-4-1 [34] combined with the j element IGHJ4-03-1, where the free cysteine residue in position 82A in the V region has been mutated to a serine in order to avoid glutathione conjugation.
Since the lambda V L type is extremely close to the mouse germline mVL-1 with 99 % identity, we could not envisage back mutations based on specific matured amino acids. However, as none of the human germline is really related to this particular mouse germline (highest identity percentage ∼62 %), we used a homology three-dimensional model of the mH35 variable region to best preserve the CDR integrity. The back mutations F36V, A46G and Y49G restored the original smaller side chains surrounding CDR-H3 while maintaining antigen recognition. The back mutation P44F led to a strongly improved expression rate. The humanized variant described here is based on the human IMGT germline hVK7_43 combined with the j element IGLJ6-01.
Our subsequent analysis showed complete inhibition of enzyme activity with mH35, chH35 and hH35 mAbs under the conditions tested (Figure 2A) . Unexpectedly, we found inhibition increase by a factor of 14.7 compared with the murine antibody and by a factor of 6.7 compared with the chimaeric antibody. Sequence analysis (results not shown) revealed that this large improvement relied critically on the maintenance of the antibody light-chain residue Phe 44 during humanization. We further used SPR with immobilized mH35, chH35 and hH35 antibodies and human hepsin injected at various concentrations to analyse binding association and dissociation ( Figure 2B and Supplementary Figure S1 at http://www.BiochemJ.org/ bj/442/bj4420483add.htm). We found that the chimaeric chH35 antibody exhibited medium affinity, similar to the mouse mH35 antibody, but the humanized antibody hH35 showed a significantly lower K d value. Inherent to all variants was a very low on-rate combined with a very low off-rate ( Figure 2C and Supplementary Figure S1 ). Thus, once the antibody was bound to hepsin, it hardly dissociated within usual assay duration times. For the dissociating proportion, however, slow tight-binding kinetics were observed.
Binding of hH35 mAb to cell-surface hepsin
Endogenous levels of hepsin in tumour cell lines are too low to be detected by flow cytometry or immunocytochemistry analysis. To study binding of hH35 on the cell surface, we established a HEK-293 cell line that stably overexpressed full-length hepsin with an N-terminal GFP fusion tag (Supplementary Figure S2 at http://www.BiochemJ.org/bj/442/bj4420483add.htm).
When these cells were incubated with increasing amounts of hH35, specific surface staining could be detected both by flow cytometry ( Figure 3A ) and confocal microscopy analysis ( Figure 3B ). Untransfected cells did not display any detectable binding (results not shown).
Inhibition by hH35 mAb is specific for human hepsin
In order to test for undesired off-target effects, we tested the selectivity of our murine, chimaeric and humanized hepsin antibodies on other proteases in a peptide substrate activity assay ( Figure 4A ).
The K m values for cleavage of the acetyl-KQLR-AMC peptide were evaluated by using standard Michaelis-Menten kinetics. The values were within the range of ideal peptide substrates for respective enzymes (Supplementary Table S1 at http://www. BiochemJ.org/bj/442/bj4420483add.htm). We detected complete neutralization of human hepsin activity by our antibodies. In contrast, none of the other proteases tested (matriptase, HAT, enteropeptidase or trypsin) was significantly inhibited. We therefore conclude that our antibodies are indeed selective for hepsin.
In order to assess species cross-reactivity, we also tested the hH35 antibody on mouse and cynomolgus hepsin using an Additionally to the continuous hepsin numbering, loop numbers according to the chymotrypsin numbering systems are stated in parenthesis (grey) [42] . Secondary structure elements are indicated above the sequences for human hepsin in the PDB code 1Z8G structure and hHepsin-hH35 complex [spirals, α-and 3 10 (η)-helices; arrows, β-strands; T, turns; lines, ordered but without secondary structure; broken lines, disordered regions]. Residues 160-166, 297-306, 343-350 and 377-382 were disordered in the hHepsin-hH35 crystal structure. Sequence alignments were created with STRAP [58] and MUSCLE [59] . Figures were prepared with ESPript [60] .
activity assay ( Figure 4B ). The IC 50 values clearly indicate that hH35 also inhibited cynomolgus, but not murine, hepsin protease activity.
Mode of inhibition of hepsin by the hH35 mAb
To describe the binding behaviour of mAb hH35 in the activity assay, the progress curves of the steady-state reactions were analysed by adding the enzyme to a mixture of peptide substrate and antibody ( Figure 4C and Supplementary Table S2 at http://www.BiochemJ.org/bj/442/bj4420483add.htm). While the initial reaction velocity (v 0 ) was only moderately affected at low concentrations of inhibitor, the steady-state velocity (v s ) decreased as a function of the inhibitor concentration. The curved nature of the progress curves indicate a slow-binding inhibition. Steady-state experiments did not provide a definite conclusion on the inhibition mechanism. Therefore we decided to first form the complex of antibody and enzyme by preincubation and then evaluate the inhibition model. By using non-linear least-squares regression and correction for tightbinding inhibition to determine the best-fit values, we obtained a mixed tight-binding inhibition behaviour (Supplementary Table  S3 at http://www.BiochemJ.org/bj/442/bj4420483add.htm). As illustrated by the Eadie-Hofstee plot in Figure 4(D) , the presence of increasing concentrations of hH35 significantly affected the apparent V max values, whereas K m values remained mostly unchanged (K m change factor α = 1.3 + − 0.3). Fitting the data to tight-binding inhibitor equations of the mixed type mechanism yielded an apparent K i value of 0.39 + − 0.06 nM.
The second most likely mechanism was non-competitive tight type inhibition, which is also common for allosteric inhibition and thus reduced affinity of the substrate for the active centre.
Structure of the hHepsin-hH35 complex reveals recognition of hepsin in a deep and hydrophobic pocket
The crystal structure solution for the extracellular part of human hepsin revealed a classical serine-protease domain accompanied by an SRCR domain [4] . The 2.55 Å (1 Å = 0.1 nm) hHepsin-hH35 complex structure ( Table 1 , and Figures 1 and 5 ) has now revealed that the major epitope of hepsin for the hH35 antibody is located around the hepsin α3-helix and adjacent residues (loop-170 according to the chymotrypsin numbering system [42] ). This protruding helix and following residues are located far from both the active centre and the SRCR domain.
Superimposition of human hepsin in complex with hH35 (the present study) and human hepsin bound to the peptide inhibitor substrate (PDB code 1Z8G) revealed minor and major differences ( Figure 6B) . First, the SRCR domain was slightly skewed. The major observed difference, however, was the active centre for which a few regions could not be built due to weak or missing electron density. As indicated in Figure 1(B) and by the dotted lines in Figure 5 (B), three of these loops (Gly 297 -Ala 306 , Glu 343 -Gln 350 and Trp 377 -Ala 382 ) (loops-140, -190 and -220) are located in a defined region of the protease domain. This was apparently not due to crystal packing forces, since we detected this in both NCS copies (Supplementary Figure S3A at http://www.BiochemJ.org/ bj/442/bj4420483add.htm). These residues were not located close to any crystal contacts that may have caused this artificially (Supplementary Figure S4 at http://www.BiochemJ.org/ bj/442/bj4420483add.htm). These loops thus most probably represent flexible regions, which is a frequent cause of blurred electron density in X-ray crystallography. Since equal regions were ordered in crystal structures without the Fab fragment [4, 6, 7] , we concluded that the observed disorder is induced upon antibody binding.
While some hepsin loops were missing in the structure model, all antibody CDR loops could be built in the complex ( Figure 5C ). Most importantly, hepsin residues Phe 327 -Tyr
328
(from the 170-loop) were recognized by antibody hH35 in a deep hydrophobic pocket that was formed by both heavyand light-chain CDRs and neighbouring residues ( Figure 5B ). In addition to the dominant hydrophobic interactions, some side-chain and backbone hydrogen bonds also make significant contacts at the binding interface. A detailed analysis of all contacts between hepsin and hH35 Fab can be found in Supplementary Figure S4 .
Formation of the hepsin recognition pocket is induced by Phe 44 in hH35 V L
Since formation of such a deep hydrophobic recognition pocket is unusual for antibodies, we sought to explain its formation in more detail and analysed the differences between hH35 Fab and other published Fab fragment structures. mAb hH35 did not exhibit the conventional double or single hydrogen bond between V H Gln 39 and V L Gln 38 or Glu 38 residues. This is illustrated by superimposing the PDB 1NL0 structure, which was chosen as an example due to very similar Fab fragment elbow angles ( Figure 6A) . Instead, the distance between these two residues is widened by approximately 2 Å due to hH35 V L residue Phe 44 . The Phe 44 residue from the mouse antibody was maintained during humanization, although 95 % of the human germlines display a Pro 44 residue. This not only caused the central interface between heavy and light variable regions to widen, but also has a leverage effect that induces further CDR movements ( Figure 6A ) and forms the highly defined recognition pocket illustrated in Figure 5 (B).
The hHepsin-hH35 atomic structure explains antibody specificity
As shown in Figure 4 , the hH35 antibody was both specific for the hepsin-type protease and species-specific for hepsin as well. These findings result from the unique sequence of the hH35-specificity determining region in human hepsin ( Figure 1B , black bar). Other proteases, such as HGFA, matriptase or trypsin, do not possess a Phe 327 Tyr 328 motif (in the 170-loop) that could insert into the recognition pocket to the same extent ( Figure 5B) . Secondly, the overall conformation and flexibility of the (170-) loop following the α3-helix must be different since the Gly 324 Ala 325 motif occurs only in human and monkey hepsin, but not in rodents or other more distant species. Instead, a serine-proline motif is often present, which typically leads to a proline-induced kink in the structure.
Mechanism of inhibition
The most obvious allosteric change in human hepsin upon hH35 binding was the turn of the Phe 327 Tyr 328 -motif-containing loop (170-loop, following the α3-helix) towards the antibody cleft ( Figure 6B ). Helix α3 and sheet β18 are held still in a position similar to that in the hepsin-peptide-substrate complex structure (PDB code 1Z8G), which may be explained by the disulfide bond between residues Cys 322 and Cys 338 . The hepsin loop regions 342-344 (190-loop) and 382-386 (220-loop) would clash with the hH35 V L chain in case that they adopted the same conformation as in the hepsin structure PDB code 1Z8G. As a consequence, the affected residues propagated partially to newly defined positions and, to a greater extent, into flexible conformations. This is reflected by the lack of electron density for loop residues 343-350 (190-loop) and 377-382 (220-loop), which are connected by a disulfide bond as well and thus adapt concurrently. Near 163 residue, increased flexibility of this binding partner might be the cause of the conformational change. We noticed, however, that the contact distance stayed the same (at 2.7 Å), arguing for the inter-changeability between both conformations, which may have relevance for autocatalytic hepsin cleavage after Arg 162 . Another result of the latter conformational change is the twist in the backbone bearing the catalytic triad residue Ser 353 ( Figure 6B , inset). For the nucleophilic attack of the carbonyl carbon on the scissile bond, the catalytic triad serine oxygen O γ must be oriented at an angle of exactly 109
• [24] . As such, we conclude that proteolytic cleavage can no longer take place ( Figure 6B , inset). Residues Asp 257 and His 203 of the catalytic triad are slightly distorted as well, but to a lesser extent than Ser 353 ( Figure 6B and Supplementary Figure S3B) .
Aside from changes in the active centre, the catalytic and substrate-binding pockets were heavily disordered in our structure as well ( Figure 6B and Supplementary Figures S3C and S3D) . The orientation of the oxyanion hole residue Gly 351 is changed in a way that would hamper stabilization of the catalytic tetrahedral intermediate state. Substrate binding pockets S2 and S4 are slightly distorted in our structure, and substrate-binding pockets S1 (including the specificity pocket) and S3 are almost completely disordered (Supplementary Figures S3C and S3D) . In summary, inhibition by hH35 binding results both from distorted hepsin geometry, especially at the catalytic triad, and from disordered binding pockets, which probably dramatically reduce the affinity of substrates.
Recognition of hepsin by antibody hH35 is different from published anti-HGFA antibodies
Owing to the generally planar or concave antigen-binding site shape, antibodies were originally thought to be ill-suited for inhibition of proteases, which exhibit a concave-shaped substratebinding cleft [43] . Nevertheless, it has been shown for HGFA that complete competitive inhibition of a protease by an antibody is possible ( Figure 7A and [43] ), although not easy to achieve. In this case, the concave-shaped V H and V L of HGFA-Fab58 bind to the convex-shaped 99-loop of HGFA [43] , which is similar to the concave-shaped V H and V L of hH35 that embrace a convex element (the 170-loop) of hepsin. While very long CDR loops may be an alternative to solve this dilemma, allosteric antibody inhibition has been explored for the first time for serine proteases. HGFA [29] was also used as an example here.
Similar to the HGFA-Fab40 structure ( Figure 7B ), the epitope region in the structure of hHepsin-hH35 ( Figure 7C ) is located far from the active-centre cleft, thus suggesting an allosteric mechanism of inhibition. However, this mechanism is distinct from that found for HGFA-Fab40, as very distant (and therefore different) regions are bound by the particular antibodies for hepsin and HGFA (Figures 7B and 7C) . In fact, superimposing hepsin and HGFA structures demonstrates that allosteric inhibition of serine proteases by antibodies is not limited to certain trigger spots, but can instead exploit diverse enzyme surface regions.
DISCUSSION
According to the GLOBOCAN study in 2008 (http://www. globocan.iarc.fr), prostate cancer is the second most common cancer in men worldwide. While this number may be partially biased due to increased screening efforts, prostate cancer still remains the second most common cause of cancer death in developed countries. More extensive diagnosis and treatment has led to an increase in long-term survival rate, but a huge effort is still needed to significantly improve treatment and to cope with this type of cancer, especially in aging populations. In the present paper we describe an antibody directed against human hepsin (named hH35) that uses an allosteric mode-of-action to achieve full inhibition at nanomolar concentrations. This antibody also functionally binds to native hepsin on the cell surface and is highly hepsin specific.
Analyses of binding mode details consisted of biophysical, kinetic and structural investigations. Kinetic studies on the binding of hH35 to the enzyme revealed a slow on-and off-rate for binding of hH35 to hepsin. The initial inhibition of enzyme activity indicated a slow onset of hepsin inhibition by hH35, which is typical for slow-binding inhibition [45, 48] . The nature of this inhibition suggests a multistep mechanism, most probably due to allosteric influences. In order to further elucidate the allosteric nature of this inhibition we studied the complex by X-ray crystallography, and indeed, the crystal structure of the hHepsinhH35 complex revealed that binding of the hH35 antibody appears approximately 15-20 Å away from the active centre, thereby inducing allosteric changes through a cascade of conformational changes. This is mediated in hepsin by the turn of the Phe 327 Tyr 328 -motif-containing loop (170-loop, following the α3-helix) towards the antibody cleft.
The completeness of inhibition probably resulted from the distortion of the active centre and from the disorder of the binding pockets. This may also explain why we could not absolutely distinguish between mixed-mode and non-competitive tightbinding inhibition. A more detailed investigation would require elaborate studies, such as a stopped-flow analysis. It is quite possible, however, that additional steric hindrance by the bound antibody can occur for the macromolecular natural substrates. Moreover, our crystal structure provides a clearer explanation for the tightness of the binding, which appeared to crucially depend on the presence of the large and hydrophobic V L Phe 44 residue. This residue widened the distance between V H Gln 39 and V L Gln 38 , which usually form a double hydrogen bond. The leverage movement then propagates to the top cleft between the V H and V L antibody chains, where a deep and narrow binding pocket is formed. One unexpected result of the humanization is the affinity and specificity increase for human hepsin that can best be explained by the specific allosteric movement of the hepsin Phe 327 Tyr 328 loop (170-loop). In rodents, this change is prohibited by different conformations and possibly by the flexibility of the loop, especially due to hepsin residues 324-325 (serine-proline). An increase in affinity due to conformational changes of the antigen has been observed before, as in the case of the antibodyrheumatoid factor complex [44] .
A series of well-recognized studies on protease inhibition by antibodies was conducted for HGFA [29, 43, 45] , for which pro-HGF is a natural substrate as well (as it is for hepsin). In findings similar to those of the present study, the crystal structure of the HGFA-Fab40 complex exhibited an allosteric mode of inhibition. Structural alignment clarified, however, that the recognized regions are very distinct. This also applies to the actual allosteric mechanism leading to protease inhibition. In the case of the Ab40 HGFA antibody, the 99-loop is sandwiched between the substrate and the antibody-binding side, serving as a mobile conduit between these sites. Antibody H3 residue Trp 95 is inserted into a large hydrophobic pocket of HGFA and locks the 99-loop in a non-competent conformation characterized by a partial collapse of the S2 pocket and loss of stabilizing P4-S4 interactions [45] . The conformation of the catalytic triad is not significantly changed in comparison with other known structures of HGFA [29] . We found a different situation for antibody hH35, where hydrophobic antigen residues insert into a hydrophobic pocket on the antibody surface. In addition to the heavy disorder of pockets S1 and S3 and the small changes in pockets S2 and S4, we recognized a distortion in the conformation of the catalytic triad residues. To our knowledge, the structure shown in the present study is the first example of such a rearrangement induced by an antibody.
However, misplacement of the catalytic triad is not uncommon for the modulation of enzymatic activity. One well-described example is the allosterically regulated bacterial trypsin-like protease DegS showing that binding of its PDZ domain to the protease domain induces disorder in several important loops and a subtle increase in the distance of the active-site histidine and serine by only ∼1-2 Å, thus rendering the enzyme inactive. Upon binding of activating peptides the two residues move into the geometrically correct positions, which activates the protease [46, 47] . Other examples of enzyme inhibition by altered activesite geometry apart from serine proteases have been described [48, 49] . Another well-documented example is the exosites on Factor VIIA, where binding of small inhibitory peptides leads to complete enzymatic inhibition by distorting the oxyanion hole [50] .
In addition to antigen-induced conformational change of the antibody upon binding [51] , antibody-induced conformational change of the antigen upon binding is likewise a well-known phenomenon [53, 54] . To the best of our knowledge, however, strong disorder of the antigen induced by an antibody has not yet been observed. The present study should therefore be considered as unique in that respect. More common examples are those in which the antibody orders antigen conformation, especially in antigens that are naturally disordered. Adopting this kind of conformation results from a shift in native state probability upon ligand binding [52] . In this respect, the observed hepsin structure may represent a native state that becomes energetically most favourable. Interestingly, the existence of distinct lowenergy states in equilibrium was recently described for trypsinlike proteases [53] .
Allosteric regulation is very widespread in nature, and applies to areas such as enzymatic activity regulation [54] , receptor signalling [55] and even regulation of gene transcription [56] . To date, however, most enzyme inhibitors are small molecules and target the active sites of enzymes. But this is especially unfavourable in the case of proteases. Active-site topologies, for instance, are often well-conserved among distinct proteases and thus difficult to address selectively by small molecules. Secondly, these inhibitors frequently mimic the transition state of enzyme catalysis with often undesirable pharmacokinetic properties [23] . Thus, especially for the protease enzyme class, there is an unmet need for alternative inhibitors, such as inhibitory antibodies. Active-site inhibition using antibodies with a very long CDRloop reaching into the active-centre cleft may be an alternative, as shown for the type II transmembrane serine-protease matriptase [57] and for HGFA [43] , but may be restricted in use to only one or two CDR loops. In contrast, allosteric inhibition as described in the present study may use the full variability spectrum of all CDRs.
In conclusion, the findings of the present study demonstrate a potent and unique mode of inhibition by a novel anti-hepsin antibody that may enable improved treatment options to prevent cancer progression in human patients.
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